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ABSTRACT 

Aqua MODIS has successfully operated on-orbit for more than 6 years since its launch in 
May 2002, continuously making global observations and improving studies of changes in 
the Earth’s climate and environment. 20 of the 36 MODIS spectral bands, covering 
wavelengths from 0.41 to 2.2pm, are the reflective solar bands (RSB). They are 
calibrated on-orbit usmg an on-board solar diffuser (SD) and a solar diffiiser stability 
monitor (SDSM). In addition, regularly scliedtiled Imiar observations are made to track 
the RSB calibration stability. Tliis paper presents Aqtia MODIS RSB on-orbit calibration 
and characterization activities, methodologies, and performance. Included in this study 
are characterizations of detector signal-to-noise ratio (SNR), short-term stability, and 
long-tenn response change. Spectral wavelength dependent degradation of the SD bi- 
directional reflectance factor (BRF) and scan mirror reflectance, which also varies with 
angle of incidence (AOI), are examined. On-orbit results show that Aqua MODIS on- 
board calibrators have perfomied well, enabling accmate calibration coefficients to be 
derived and updated for the Level IB (LIB) production and assuiing liigh quality science 
data products to be continuously generated and distributed. Since launch, the short-term 
response, on a scan-by-scan basis, has remained extremely stable for most RSB detectors. 
With the exception of band 6, tliere have been no new RSB noisy or inoperable detectors. 
Like its predecessor. Lena MODIS, launched m December 1999, the Aqua MODIS 
visible (VIS) spectral bands have experienced relatively large changes, witli an amiual 
response decrease (mirror side 1) of 3.6% for baud 8 at 0.412pm, 2.3% for band 9 at 
0.443pm, 1.6% for band 3 at 0.469pm, and 1.2% for band 10 at 0.488jun. For otlier RSB 
bands with wavelengths greater than 0.5pm, tlie aimual response changes are typically 
less than 0.5%. In general. Aqua MODIS optics degradation is smaller than Lena 
MODIS and tlie mirror side differences are much smaller. Overall, Aqua MODIS RSB 
on-orbit perfonnance is better than Terra MODIS. 


Keywords: Aqua, MODIS, reflective solar bauds, calibration, solar diffuser, solar 
diffuser stability monitor. SD degradation, SNR 
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INTRODUCTION 


The Aqua mission is a major component of NASA’s Eartli Observing System (EOS), 
carrying a total of six Earth-observing instruments [1], It was larmched on May 4, 2002 in 
a near sim-synchronous polar orbit with a nominal altitude of 705 km and an eqrratorial 
crossurg time of 1:30PM (ascending northwards). MODIS is the keystone instrument on- 
board the Aqrra spacecraft, arrd is also one of the two irrstnrments crrrrently operated on 
both the Terra arrd Aqrra spacecrafts, with Clouds and the Earth’s Radiant Energy System 
(CERES) being the other. Developed with improvements over its heritage sensors, 
MODIS observatiorrs are made in a broad spectral range; from visible (VIS) to long-wave 
irrfrared (LWIR), a wide field of view (FOV): ±55° from instnrmerrt rradir, and tliree 
spatial resolutions: 0.25km (2 barrds), 0.5krn (5 bands), and 1km (29 barrds) [2-3]. 
Becarrse of this, MODIS data products have provided many science applications for 
monitoring changes in the Earth’s land, oceans, and atmosphere, and associated impact 
on the Earth’s climate and life. With improved spatial and spectral resolutions and 
frequent global coverage, MODIS observations have significantly extended and enlianced 
existing data records from heritage sensors [4-7]. MODIS was built by Raytheon Santa 
Barbara Remote Sensing (SBRS) located at Goleta, California (recently moved to 
Raytheon Space and Airborne Systems at El Segrmdo, California). Its on-orbit operation 
is managed by the Flight Operation Team (FOT) of EOS Science Mission Operations 
(ESMO) and calibration is perfonned by the MODIS Characterization Support Team 
(MCST) at NASA/GSFC. 

MODIS has 20 reflective solar bands (RSB) with wavelengths from 0.41 to 2.2pm and 16 
thermal emissive bands (TEB) from 3.7 to 14.4pm. It is a cross-track scarming 
radiometer, which collects data using a two-sided scarr mirror and produces a swath 
10km along-track (at nadir) by 2330km cross-track each 1.478 sec. scan. This enables 
complete global coverage in less tharr 2 days. In order to mairrtain its on-orbit calibration 
accirracy and, therefore, the science product quality, MODIS was built with a number of 
onboard calibrators (OBC). Figure 1 is a schematic of the MODIS scan cavity and its on- 
board calibrators, wliich include a solar diffuser (SD), a solar diffuser stability monitor 
(SDSM), a v-grooved blackbody (BB), arrd a spectro-radiometric calibratiorr assembly 
(SRCA). Norurally, the SD and SDSM are used together for RSB calibration and the BB 
for TEB calibration. The SRCA is desigrred primarily for sensor spectral (RSB only) and 
spatial (RSB and TEB) characterization with limited capability of monitoring RSB 
radiorrretric calibration stability [8-13]. 

Tlris paper presents Aqua MODIS RSB ou-orbit calibration and characterization over its 
nrission from larmch to present. It focuses orr applications arrd results from sensor OBC 
data sets and illustrates RSB radiometric performance. The sensor spatial and spectral 
characterizatiorr issues are not covered in tlris paper. A complementary srrmmary of Aqua 
MODIS TEB ou-orbit calibration and perTormance has been reported in a separate paper 
[14]. Section 2 of this paper provides a brief descriptiou of sensor pre-laurrch calibration 
backgrourrd for Aqua MODIS RSB aud its on-board calibration system. It is followed by 
an overview of RSB on-orbit calibration algorithms which utilize SD/SDSM and lunar 
observatiorrs, and associated operational activities in section 3. Section 4 presents Aqua 
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MODIS RSB performance with results derived from instrument on-orbit measmements. 
Issnes that could impact RSB calibration accuracy and data product quality, such as SD 
BRF and scan mirror reflectance on-orbit degradation, are discnssed. Provided in section 
5 are comparisons of Terra and Aqrra MODIS RSB performance and a list of lessons 
learned from their on-orbit operation and calibration. Section 6 is a srumuary of this 
paper. On-orbit results show that Aqua MODIS RSB orr-board calibrators have continued 
to effectively monitor SD degradatiorr and track RSB responses, thus providing usefrtl 
data sets to produce and update calibration coefficients. The amirral SD (BRF) 
degradation rate of Aqira MODIS is approximately 2.6% at 0.412pm, 1.6% at 0.466jmr, 
and 1.0% at 0.530prn. This is similar to Terra MODIS when operated imder similar 
conditions. The largest RSB response decrease (minor side 1) is 3.6% per year for band 8 
at 0.412pm, followed by 2.3% for band 9 at 0.443pm and 1.6% for band 3 at 0.469pm. hi 
general, changes in Aqua MODIS RSB responses and, pailicularly, their mirror side 
differences are smaller than Terra MODIS. With the exception of band 6, a known 
problem since pre-laimch, there have been no new noisy or inoperable RSB detectors 
after more than 6 years of on-orbit operations. 


2. PRE-LAUNCH CALIBRATION AND ON-BOARD CALIBRATORS 

2.1 MODIS RSB 

For reference purposes. Table 1 provides a summaiy of reflective solar bands (RSB) key 
design specifications, including center wavelengths (CW), bandwidths (BW), spatial 
resolutions in tenns of instantaneous field of view (IFOV) at nadir, spectral band 
locations on the focal plane assemblies (FPA), typical and maximum scene radiances 
(Ltyp amd Lmax), and detector signal-to-noise ratios (SNR) at Ltyp. Data products 
derived from obseiv/ations made by MODIS RSB can be applied to studies of the 
land/cloud/aerosols boimdaries and properties, ocean color and biogeochemistry, 
atmospheric water vapor, and cirrus clouds. MODIS spectial bands are located on the 
FPA according to tlieir spectral wavelengths. Bands 8, 9, 3, 10-12, and 4, with center 
wavelengths from 0.41 to 0.56pm, are located on the visible (VIS) FPA; bands 1, 13-15, 
2, and 16, from 0.65 to 0.87pm, are on the near-infrared (NIR) FPA; and the short-wave 
uifrared (SWIR) bands 5-7 and 26, with wavelengtlis above 1.2pm, are co-located with 
the mid-wave uifrared (MWIR) bands on the short- and mid-wave uifrared (SMIR) FPA. 
There are 40, 20. and 10 detectors for each 0.25km (bands 1-2), 0.5km (bands 3-7), and 
1km (bands 8-19 and 26) spatial resolution band, respectively. Bauds 13 and 14 are the 
time-delay and integiation (TDI) bands, with each usuig a pair of lO-detector anays. 
Together, there are a total of 330 individual RSB detectors. 

In addition to SNR requirements shown in Table 1, the RSB radiometric calibration 
requirements are ±2% for the reflectance factors and ±5% for the radiances. These 
requiiements, also specified at typical scene radiances, apply only to observations made 
at scan angles within ±45°. For non-typical scene radiances from 0.3Ltyp to 0.9Lmax, the 
calibration requiiements are relaxed by an additional 1%. Due to specifically defined and 
stringent calibration requirements, each MODIS (Tena/Aqua) went through extensive 
pre-launch calibration and characterization activities. Once operated on-orbit, the sensor 
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performance is continuously monitored using its on-board calibrators. MODIS on-orbit 
calibration capability is one of the most improved features over its heritage sensors. 

2.2 Pre-launch Calibration 

Aqua MODIS RSB pre-launch calibration measurements, made in the theiiual vacumn 
(TV) environment, were specifically designed to characterize each detector’s gain, 
dynamic range, response nonlinearity, and signal-to-noise ratio (SNR). The 
measurements were made at different instinment or TV enviroimient temperatures in 
order to compute detector temperature collection coefficients needed for on-orbit 
applications. From pre-laimch calibration and characterization. Aqua MODIS RSB 
demonstiated better overall perfoimauce than its predecessor. Terra MODIS, with an 
exception of band 6, which had 1 1 inoperable detectors and a few noisy detectors. Other 
key calibration paiaineters, such as sensor response versus scan-angle (RVS), relative 
spectral responses (RSR), and the polarization sensitivity, were derived from system- 
level measiuements at instnuuent ambient in a clean-room enviroimient. 

Like Telia MODIS, the SWIR bands (5-7 and 26) of Aqua MODIS also experienced out- 
of-band (OOB) themial leaks and electronic crosstalk. Extensive pre-laimch efforts were 
made by the instinment vendor to characteiize and mitigate these effects. Consequently, 
the magnitude of the thermal and electronic crosstalk was much smaller in Aqua MODIS 
SWIR bands, which led to better data product quality [15]. 

One of the critically important pre-laimch calibration tasks for the RSB was to fully 
characterize the bi-directional reflectance factor (BRF) of its on-board SD panel. This 
characterization was designed to establish a link between on-orbit calibration and ground- 
based reference. It was perfonned by the instmmeiit vendor at the SD component level, 
with ineasmements made in a comparative mode using reference samples traceable to 
NIST (National Institute of Standards and Technology) reflectance standards. The 
measiuements were made at seven wavelengths (0.4pm, 0.5pm, 0.6pm, 0.7pm, 0.9pin, 
1.1pm, and 1.7pm) and at nine illuminating directions (a combination of 3 elevation 
angles and 3 azimuth angles). From these ineasmements, a 2-dimeiisioanl quadratic 
fitting was made over illuminating/viewing geometiies at each wavelength and a linear 
inteipolation of the SD BRF profiles was made with wavelengths to match RSB spectral 
bands [10, 16]. 

2.3 On-board SD and SDSM 

The MODIS RSB on-board radiometiic calibration system consists of a solar diffuser 
(SD) and a solar diffuser stability monitor (SDSM). The SD panel, made of space-grade 
Spectialon, provides a full aperture calibration target with the same optical padi as the 
Eai'th view (EV) for each detector. The SD BRF, as described in 2.2, was characterized 
pre-launch, and its on-orbit degradation is tracked by the SDSM, which is operated 
during each SD calibration event. The SDSM is effectively, by itself, a ratioing 
radiometer. It consists of a solar integration sphere (SIS) with 9 detectors covering 
wavelengths from 0.41 to 0.94pm, as shown in Table 2. Also listed in Table 2 are the 
closely matched MODIS bands. A rotating optical system in the SDSM provides alternate 
measurements of direct sunlight and sunlight diffiisely reflected from the SD panel, and a 
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dark view for measuring SDSM detector offsets. Tlie time series of the ratios of each 
SDSM detector’s SD view response to the Sun view response, corrected for the viewing 
geometry and backgroimd, provides a trend of SD on-orbit degradation. The SDSM 
assembly also includes a fixed screen in its Sim view path. It was designed to match the 
SDSM responses between its Sun view and SD view [17]. 

MODIS spectral bands were designed with different gains to optimize then specified 
applications. The ocean color bands 8-16 have higher gains tlian other RSB bands and 
their responses satmate when viewing the SD with diiect solar illmnination. To overcome 
this limitation, a retractable solar diffiiser screen (SDS) was built as part of the SD door 
assembly, such that the SD calibration can be made with and without the SDS in place. 
The SD door covers both the SD and SDSM views to the Sim. It is nonnally closed when 
there is no SD/SDSM calibration event. In addition to the on-board SD and SDSM, an 
instniment space view port provides system level measinements of each detector’s offset 
or background. There are 50 data samples collected for each scan over the SD and SV 
calibration sectors for 1km resolution bands. For 0.25km and 0.5km bands, there are 2 
and 4 sub-samples, accordingly, to match each 1km data sample. 


3. CALIBRATION ALGORITHMS AND ACTIVITIES 


3.1 RSB Calibration Algorithms 

MODIS RSB radiometric calibration is reflectance based using a solar diffiiser. The Eailh 
view scene top-of-atmosphere (TOA) reflectance factors aie measiued with reference to 
the SD bi-directional reflectance factor (BRF). The calibration coefficients (inverse 
gains), Wj, are computed offline from regularly-scheduled SD and SDSM observations 
and updated as needed in the Level IB (LIB) algorithm (or code) via time dependent 
look-up tables (LUTs). For a given band, detector, sub-sample (for sub-kilometer 
resolution bands 1-7), and minor side, the m; can be expressed by 


m, 


/?soCos(<9^) ^ 

“ , • .2 SDS'^. 

’^ES(,SD) 


( 1 ) 


where psD is the SD initial BRF derived fiom pre-launch measinements, is the SD 
solar zenith angle, (dnso)* is the detector response to tlie SD in digital number with 
conections applied to remove the effects due to instniment backgroimd, temperature, and 
viewing angles, and dES(sD) is the Eaith-Sim distance in AU at the time of the SD 
observation. A vignetting fimctiou, Csds, is included in Eqn. 1 for the bauds calibrated 
with the SD screen (SDS) in place. Otherwise Fsds is set to 1. Finally, a SD degradation 
factor, Asd, needs to be applied to remove the impact due to SD BRF on-orbit changes. 

Using the same approach and replacing the SD subscript in Eqn. 1 with EV, the Earth 
view (EV) reflectance factor, Pevcos(6ev), can be calculated by 

'^ES(EV) ( 2 ) 
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For obvious reasons, the SDS vignettiug function and SD degradation factor are not 
needed in Eqn. 2 for the EV observations. MODIS LIB also provides TOA EV radiances 
for the RSB. The radiances are converted from the reflectance factors by multiplying a 
factor oiEsuj^T^, with f^cwbeiug the solar uiadiauce weighted by each detector’s relative 
spectral response (RSR). An additional Earth-Srm distance factor is also applied to the 
conversion, surce dre reflectance factor is not Eartlr-Sim distance dependent. The solar 
uradiance model used for MODIS (Terra and Aqrra) RSB is a combination of (1) 
Thrrillier et al. (1998) for 0.4-0. 8pm, (2) Neckel and Labs (1984) for 0.8-l.lprn, and (3) 
Smidr and Gottlieb (1974) for waveleugdrs above 1.1 pru [10]. 

For SWIR barrds, an additional correction algoritlurr is applied to both SD arrd EV 
detector responses. These conection coefficients are derived and monitored from SWIR 
bands nighttime observations [15]. More details on MODIS RSB calibration algoritluns 
and reflectance and radiance products can be foimd on the MODIS calibration web site 
nittD://www.mcst.ssai.biz/mcstweb/index.htmn . 

3.2 Calibration Activities 

Nonnally, each complete RSB calibration consists of 2 sets of SD observations, which 
are implemented in 2 consecutive orbits: one with the SDS in fi'ont of the SD panel and 
one without the SDS. For each SD calibration event, the on-board SDSM is also operated 
in order to track on-orbit changes in SD BRF. Although SD calibration oppoitimity exists 
in every orbit, the SD/SDSM calibration event or activity is scheduled on a less frequent 
basis. As previously mentioned, tire SD aperliue door is closed if tliere is no SD/SDSM 
calibration event, in order to prevent direct sunlight from mmecessarily reacliing the on- 
board SD panel. 

During the first year of the Aqira mission, the SD/SDSM system was operated on a 
weekly basis. This was followed by a bi-weekly operational frequency starling on July 7, 
2003 and then a tri-weekly operational frequency starling on January 9, 2006. If needed 
due to special spacecraft or sensor events, a SD/SDSM calibration can be scheduled 
imnrediately by the MOST instrument operation team (lOT) and sent to ESMO FOT for 
conunand uploads. As Aqua MODIS continues to operate beyond its design lifetune of 6 
years, a minor adjustrnerrt has been made to further reduce tire SD/SDSM calibration 
frequency. Starting from May 19, 2008, the SD/SDSM calibration without the SDS is 
perforirred on a six-week basis and tire calibratiorr witlr the SDS remains orr a tri-weekly 
basis. This reduces direct solar exposirre orr the SD, as well as the rrumber of SD door 
step motor’s movements. A simnnary of Aqua MODIS SD/SDSM calibration events 
executed from instrument launch to present (Jurre 2002 to December 2008) is provided in 
Table 3. 

hi addition to SD/SDSM activities, lunar observations are scheduled on a near montlily 
basis. MODIS lunar observations are plarmed to track its RSB radiometric calibration 
stability. They are made dming orbit uighttime through the instnrment SV port via 
spacecraft roll maneuvers at nearly the same Irmar phase angles; [-55° to -56°] for Aqua 
MODIS (waxing) and [56° to 55°] for Terra MODIS (waning). The numbers of scheduled 
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hmai' obsei'vations made each year are also provided in Table 3. Typically, there are 8-10 
limar observations each year. In 2006, however, 2 of these lunar observations were 
missed due to spacecraft related events. When applying lunar obsei'vations to monitor the 
RSB calibration stability or changes in the long-tei'm responses, several geometric 
factors, such as lunar phase angles (Jpa), libration angles (/Li), and the distances between 
the Sun and Moon {dsM) and the Moon and MODIS {dxtKd, must be included. By analogy, 
a relative Imiar calibration coefficient (iwj’) similar to Eqn. 1 can be expressed as 


m,'= (3) 

where fos is an over-sample factor needed since multiple overlapping lunar scans are 
used. Tlie combination of the above correction factors can be provided via a Imiar model 
[18-19]. Together with SD observations made at au AOI of 50.2° to the scan mirror, 
MODIS hmar observations made at an AOI of 10.2° are primarily used to track and 
collect changes in sensor response versus scan-angle (RVS). 

Since no pre-laimch measurements were made to characterize the SD BRF at the SDSM's 
SD view angle and to characterize the SDS vignetting fimction, a series of yaw 
maneuvers, covering all possible viewing geometries for the SD calibration, were 
implemented on-orbit to mitigate this deficiency. SD and SDSM observations, made 
during spacecraft yaw maneuvers with and without the SDS in place, provided usefiil 
data sets to derive these key parameters [20]. As described in section 2, MODIS SWIR 
band obseivations are slightly impacted due to the out-of-band (OOB) thennal leak from 
MWIR and electronic crosstalk. Because of this, a collection algoritlun is applied to the 
on-orbit calibration algorithm. The correction coefficients used to remove the thennal 
leak are derived and monitored on-orbit using EV observations made at nighttuue. For 
this purpose, a special nighttuue to daytime switch of the sensor operation mode has to be 
made, since nominal operation does not collect iiighttune EV data for the RSB. Tliis 
activity is perfonned less frequently tlian others (Table 3). 


4. ON-ORBIT PERFORMANCE 

Unlike Teiia MODIS, which has experienced a mmiber of changes in its operational 
configurations. Aqua MODIS has operated using the same configuration (redundant B- 
side) during its entire mission. Tlie decision to use the B-side as the sensor at-lamich 
configiuation was based on the results from extensive pre-laimch characterization and 
performance comparison of both A-side and B-side configurations. Table 4 provides au 
operational timeline of Aqua MODIS, fiom launch to present. Aqua MODIS was 
launched on May 04. 2002. After a series of sensor activation activities, the instniment 
was switched to the “science mode” on lime 07, 2002. This was followed by a complete 
set of operational and fimctional tests. The instrument nadir aperture door was opened on 
June 24, when the first Eaith view image (“Fust Light”) was recorded. For more than 6 
years, only 3 spacecraft related anomalies, which occmred shortly after laimch, have 
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caused MODIS to switch briefly to tlie safe mode Qittp://\vww.mcst.ssai.bi^mcs^eb/ , - ' - { Formatted: Fontcolor: Auto 
peifonnace/aquainstniment.html). 

4. 1 Instrument and Focal Plane Temperatures 

MODIS on-orbit calibration is made at an end-to-end system level. The sensor response 
uicludes contributions from its optics (including scan minor, telescope, and aft optics), 
detectors, and electronics. The stability of instnuneut and focal plane temperatmes could 
have a direct impact on each individual detector’s response and, likely, the calibration 
quality if no correction is applied. Figure 2 shows Aqua MODIS instrument, VIS, and 
NIR FPA temperatures on a scan-by-scan basis over a two- hour period (1 orbit: 98min) 
hi 2002 (a) and 2008 (b). Excluding extreme outliers due to random telemetry noises, the 
temperanue scan-by-scan variations, largely due to nighttime and daytime orbit 
differences, are typically less than 0.5K (peak-to-peak) duiing nominal sensor operations. 

Using their granule (5min) averages, the orbit-to-orbit variations of Aqua MODIS VIS 
and NIR FPA temperatures are illustrated in Figure 3 (a) for a 3-day period (1 day: 14.4 
orbits). Their long-tenn trends and seasonal variations, from launch to present 
(December, 2008), are provided in Figure 3 (b) ushig the daily averages, Tire orbit-to- 
orbit difference (min-to-max) witlihi a day is on the order of l.OK. After more than 6 
years of on-orbit operation, the instnuneut temperatm e, on average, has only urcreased by 
2. OK. The seasonal variations are closely correlated to the distance between the Sim and 
the spacecraft and the solai' beta angles of tire spacecraft. The VIS and NIR FPA have no 
temperatme control. As expected, their temperature behaviors are very shnilar to the 
instnuneut temperatmes. The SWIR bands are co-located with the MWIR bands on tire 
SMIR FPA. which is nominally controlled at 83K. 

In RSB calibration algorithms (Eqns. 1 and 2), the detector responses to tlie SD and EV 
in digital nmnbers aie conected for the instnunent temperature effect. This is necessary 
since the EV observations are made continuously on a scan-by-scan basis, wliile the SD 
calibration is only performed on a regulai' basis from weekly to tii-weekly. For VIS and 
NIR spectral bands, this temperatme correction also includes then FPA temperature 
effect. For SWIR bands, there is no FPA temperature effect since tlie SD and EV 
obseivations are made at the same FPA temperatme. 

4.2 SD On-orbit Degradation 

The MODIS SD bi-duectional reflectance factor (BRF), which serves as the RSB 
calibration reference traceable to the NIST reflectance standard, was characterized pre- 
laiuich by the mstrmuent vendor. Its on-orbit degiadatiou is monitored by the SDSM at 
nine wavelengths between 0.412 and 0.936pra, shown in Table 2, during each scheduled 
SD/SDSM calibration activity. To maintain RSB calibration quality, on-orbit changes ui 
the SD BRF must be taken into account when computing calibration coefficients fiom 
sensor SD observations (Equ. 1). Details of the methodology applied to track the SD on- 
orbit degradation and specific implementation techniques have been reported in a number 
of references [10,17]. Fitting results of Aqua MODIS SD degradation, from laimch to 
present, are presented in Figme 4, with nonnalization made relative to SDSM detector 9 
(D9) at 0.936pm, since the degradation at the D9 wavelength has been extremely small 
[21]. Fittuig residuals vary from 0.2% at the long wavelength end to 0.5% at the short 
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wavelength end. The normalization is applied to reduce the SDSM screen vignetting 
effect. 


As expected, tlie SD on-orbit degradation shows a clear dependence on the amount of 
solar exposure. In addition, the degradation is strongly wavelength-dependent. There has 
been a relatively large one-time change in the SD degradation near' day 222 (August 10, 
2002). This was caused by extra solar exposirre on the SD when the SD door was left 
open (without SD screen) for 5 days as a result of a failed command rrpload/execrrtion 
(Table 4). On average, the Aqua MODIS SD armual degradation rate is approximately 
2.6% at 0.412pm (Dl), 1.6% at 0.466pm (D2), 1.0% at 0.530pm (D3), 0.8% at 0.554pm 
(D4), 0,4% at 0.646pm (D5), and less than 0.2% at other longer wavelengths (D6-D8). In 
general, the Aqua MODIS SD degradation rates are nearly identical to Terra MODIS SD 
degradation when both instiTinrents are operated urrder the same conditions. Since its SD 
door was permanently set at the “open” position (on 02 July 2003), the Terra MODIS SD 
degradation has accelerated [10]. 

4.3 Detector Noise Characterization 

Detector signal-to-noise (SNR) is a key performance parameter for earth-observing 
sensors, and directly impacts calibration accmacy and stability, as well as the image 
quality. For Aqua MODIS RSB (a total of 330 individual detectors), there are 14 
inoperable detectors (1 in band 5 and 13 in band 6) and 3 noisy detectors (all in band 6) 
with most identified pre-laimch and a few that occurred at launch or due to spacecraft 
related anomalies at mission begirming (Table 4). Since then, there have been no new 
noisy or inoperable detectors in RSB. Due to a large number of inoperable and noisy 
detectors [22], no science data products are derived from direct use of band 6. On-orbit, 
the RSB noise characterization is perfoimed for each individual detector using its 
responses to the simlight-illmninated SD panel dming each scheduled SD calibration 
event. There are 50 data samples collected each scan over the SD calibration sector. Each 
detector’s SNR is computed at different signal levels and then scaled to the typical 
radiance level (Ltyp) via a smooth fitting of SNRs at these levels. On a regular basis, the 
measmed SNR values at Ltyp are compared with the specified SNR listed in Table 1, as 
pail of die MOST tasks of monitoring sensor on-orbit perfonnance. 

Table 5 is a smnmary of SNR performance on an aimual basis, in tenns of measmed SNR 
noimalized to the specified SNR for each spectral band. Previously identified noisy and 
inoperable detectors are excluded fiom the band average. Clearly, die RSB noise 
characterization performance has continued to exceed the design requirements, widi all 
die numbers in Table 5 being larger than 1. There has been a small, but noticeable, 
performance degiadation for bands 8 and 9. Tliis is pi'iniarily due to decreases of theh on- 
orbit responses over time (see section 4.5). 

4.4 Response Short-term Stability 

MODIS RSB detector short-term stability is evaluated using dieh response to the SD 
when it is fully illuminated. Normally, a total of 40 scans of fully illuminated SD 
observations are selected as the “sweet spot” range when confuting the calibration 
coefficients (20 scans for each miiTor side). The “sweet spot” range is the middle portion 
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of die scans when the SD is hilly illuminated by the Sun. In tliis study, the scan-by-scan 
calibration coefficients (mj) from SD obsei'vations are used to examine the detector short- 
tenn stability. Figures 5-8 are examples for bands 10, 11, 18, and 19 with results from 
mirror side 1 (3 middle detectors). As previously described, a complete RSB calibration 
consists of two sets of SD observations: one with and one without the SD screen (SDS) in 
place. Bands 10 and 11 are calibrated with the SDS and bands 18 and 19 without the 
SDS. 

In Figure 5, band 10 detector responses are modulated by the SDS vignetting hmction 
(Eqn. 1), wliich introduces additional features and, therefore, impacts its short- tenn 
stability. With the SDS in place, band 10 peak-to-peak variations of its scan-by-scan 
calibration coefficients (mj) are within ±0.3%. It is expected that the actual detector’s 
short-term stability, after removing the SDS effect, should be better tlxan what has been 
illustrated in Figure 5. Nevertheless, the impact due to screen modulation or scan-by-scan 
variations on RSB calibration is still very small. This is because the calibration 
coefficients derived from each SD calibration event are averaged over all 20 scans within 
the “sweet spot” range. As expected, the short-term stability of band 11, as illustrated in 
Figme 6, is very similar to band 10. For band 18, on the other hand, there is no SD screen 
effect in the detector responses. As shown in Figme 7, variations of its scan-by-scan 
calibration coefficients {m ]) are typically within ±0. 1%. Similar' perfonnance is illustrated 
in Figure 8 for band 19. It should be pointed out that detector short-tenn stability is 
closely related to its SNR. Detectors with smaller noise often exhibit better short-term 
stability. 

4.5 Response Long-term Changes 

Figtire 9 (a) shows long-term changes in the responses or gains (1/m;) determined from 
SD obsei'vations for Aqua MODIS VIS spectral bands (mirror side 1). The responses are 
averaged over detectors for each spectral band and normalized to their' initial on-orbit 
values. Identified inoperable and noisy detectors are excluded from band-averaged 
trending. Since lamich, tliere has been a response decrease of 23% for band 8 at 0.4 1 2pm, 
followed by a decrease of 15% for band 9 at 0.443pm, 10% for band 3 at 0.469pm, and 
8% for band 10 at 0.488pm. On average, these changes correspond to an amiual decrease 
of approximately 3.6% for band 8, 2.3% for band 9, 1.6% for band 3, and 1.2% for band 
10. For the remaining VIS bands (11, 12, and 4), the response decrease has been less than 
3% from lamich to present, or 0.5% per year. For the VIS spectral bands, the ratios of 
mirror side 1 responses (1/m;) to mirror side 2 responses are illustrated in Figure 9 (b). 
Compared to minor side 1, tlie rniiTor side 2 responses have experienced additional 
changes of 1.7% for band 8, 0.8% for band 9, 0.5% for band 3, and 0.2% for band 10 
over a period of more than 6 years. This wavelength dependent change (decrease) in 
Aqua MODIS VIS band responses is very similar' to Terra MODIS, except that the minor 
side differences in Aqua MODIS VIS bauds have been much smaller. As a result, the 
Aqua MODIS VIS calibration and data product quality has been better than Terra 
MODIS. 

The long-term changes in the NIR responses are presented in Figure 10. Bands 13 and 14 
have both high (H) and low (L) gains. Trending results of 13H and 14H, which are nearly 


10 



identical to 13L and 14L, are not inclnded in Figure 10. It is clear that bands 15-19 have 
similar behavior, with response changes less than ±1.5% over the entire mission. For 
band 1 3L, there is a total of 3 .0% increase, primarily due to changes in its electronic gain. 
Meanwhile, bands 1 and 2 (the 0.25km resolution bands) have shown noticeably different 
trending behavior than other bands, with an initial decrease up to 3% and then an increase 
of approximately 5% in then responses (relative to their initial values). Response 
trending results fiom hmar obseiwations also show similar behavior for bands 1 and 2. 
Tire system level detector response, derived fi om SD and Imiai' observations, is a measure 
of changes in optics, detector, arrd electrorric gains. Srrrall increases in the responses of 
some NIR bands are likely due to a combined effect of detector and electrorric gain 
changes. For all the NIR bands, the mirTor side differences are less tharr 0.1%, a factor of 
3 smaller than Terra MODIS NIR bands over the same time period. 

Bands 5-7 and 26 are the SWIR bauds. They are co-located with the mid-wave infrared 
(MWIR) bands on the SMIR FPA, wliich is normally operated at 83K. As shown in 
Figtrre 11, the changes in the responses of bands 5, 7, and 26 have been very small, less 
than 1.5% over the entire mission, with practically no mirror side difference. Band 6 has 
similar behavior except for the changes at the mission begiiming due to spacecraft related 
events (Table 4). These events sent MODIS to its safe mode and required a restart for the 
sensor normal operation, which led to different ruunbers of noisy and inoperable 
detectors in band 6. Clearly, tire constantly controlled SMIR FPA temperatme has 
contributed to the excellent long-term stability for the SWIR bands. 

4.6 Lunar Calibration 

In addition to SD calibration, MODIS views the Moon tlirough its space view (SV) port. 
As listed in Table 3, there are 8-10 regirlarly scheduled Imiar observations each year. 
Presented in Figme 12 (a) is the long-term response trending, 1//Wi’ (Eqn. 3), for Aqua 
MODIS VIS spectral bands derived from then hrnar observations with mirror side 1. 
Similar to SD response trending in Figme 9 (a), the responses in Figme 12 (a) are also 
normalized to then initial on-orbit values. In general, the lunar response trending matches 
well with the SD response, except the degradation rate from lunar observations (at lunar 
view AOI) is slightly liigher than that fi^om SD observations for several spectral bands. 
By comparison, the responses at hmar AOI have decreased 34% for band 8 at 0.412prn, 
20% for band 9 at 0.443pm, 12% for band 3 at 0.469pm, arrd 8% for band 10 at 0.488prn. 
For barrds 11, 12, and 4. the changes since laimch have been less than 2%. 

As illustrated in Figure 12 (b), minor side 2 responses have additional changes of 
approximately 2.3% for baud 8, 1.5% for baud 9, 1.0% for baud 3, and 0.5% for barrd 10, 
corrrpared to mirTor side 1 responses. The variations of minor side differerrces derived 
frorrr lunar' observations are noticeably larger compared to SD observations. This is 
primarily due to the lunar' surface’s non-uniformity. For most RSB bauds, the differences 
between SD and lirrrar observations arrd minor side differences are small. Since the RSB 
calibration (Eqn. 1) is minor side dependerrt, the minor side difference is captmed by the 
SD calibration. For each minor side, the difference between the degradation rates derived 
from SD and fi'om lunar observations is used to track the changes in sensor response 
versus scan angle (RVS). 
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5. LESSONS AND CHALLENGES 


Many lessons from Terra MODIS RSB calibration, pre-launch to post-launch, have 
greatly benefitted Aqua MODIS: 

• Lessons learned from Terra MODIS SWIR bands thermal leak and electronic 
crosstalk characterization have led to more effective pre-launch mitigation efforts in 
dealing with the same problem in Aqua MODIS. Largely reduced thennal leak and 
electronic crosstalk effects in Aqua MODIS SWIR bands has resulted in noticeably 
improved performance for the on-orbit coixection algoritlim, and, therefore, the data 
product quality [15]. 

• The Terra MODIS on-orbit experience in characterizing the SD BRP, including the 
SDSM viewing angle, and SDS vignetting ftinction (not characterized pre-launch) 
have led to improvements for similar work in Aqua MODIS, including planning and 
implementation of yaw maneuvers and special data analysis [20]. 

• MODIS SDSM was built with a misaligmnent (mechanically fixed) in its Sun view 
patli, which caused imdesirable ripples in the responses. These ripples significantly 
limited the effectiveness of the SDSM’s capability to track SD on-orbit degradation. 
Shortly after Terra laimch, many efforts were made to better characterize the effect 
and associated impact on SD degradation quality. As a result, an alternative approach 
of normalizing other SDSM detectors to detector 9 was developed and applied to 
Terra MODIS. This has been proven to be very effective, since tire SD has little 
degradation at the D9 wavelengtli and all SDSM detectors have similar ripples [16]. 
Because of tliis, no additional effort is required to make the Aqua MODIS SDSM 
work effectively in tracking its SD on-orbit degradation. 

• Similar efforts and tools developed for Terra MODIS lunar observations have been 
directly applied to Aqua MODIS. including the lunar observation plarming tool, 
required spacecraft roll maneuvers to make the lunar observations at the same phase 
angles, and detennination of lunar viewirrg geonretric factors [19]. 

• Experierrce of on-orbit changes in Terra RSB, especially tire VIS spectral bands, 
response versus scan angle (RVS), arrd the challenging effort rreeded to track and 
update the changes for the LIB calibration algoritlun have better prepared similar 
work in Aqua MODIS. 

Orr the other harrd, there have been some lessons learned front Aqua MODIS RSB 
calibration and characterization that in turn have helped Terra MODIS. For MODIS RSB, 
the calibration accuracy requirement is ± 2 % in reflectance. Urrcerlainty analysis indicates 
that a major contributor or a limiting factor to the RSB calibration is tire SD BRF [23]. It, 
by itself, has tliree comporrents; pre-laimch characterization uncertainty, potential change 
from pre-launch characterization to first time orbit use of the SDSM, and on-orbit 
degradation monitoring uncertainty. As some micertainty components were fixed based 
on pre-lannch characterization, accurately tracking sensor on-orbit responses (optics, 
electroirics, and detectors), including SD degradation, and promptly updating changes 
needed to maintain the LIB calibration and data product quality are constant and 
challenging tasks imdertaken by the MODIS Characterization Snpport Team (MCST). 
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Additional effort is needed for MODIS to ttack changes in sensor response as a function 
of scan angle. Some science data products, such as ocean color, need sensor polaiization 
parameters for atmospheric correction. These parameters aie typically derived from pre- 
lamich measurements and it is extremely hard to Pack their on-orbit changes [24]. 

As expected, lessons from both Teira and Aqua MODIS have and will continue to 
provide valuable information for the design and development of future earth obseiving 
sensors, such as the NPP and NPOESS VIIRS, the GOES-R ABI, and the LDCM OLI. 
VIIRS, essentially a MODIS follow-on sensor, will use a nearly identical SD/SDSM 
calibration system for the VTS/NIR/SWIR specPal bands witli improvements made to 
conect the SDSM deficiency and to make pre-lamich measurements of the SD screen and 
SDSM Sun view screen vignetting ftmction. Adding an on-board SD for ABI is a major 
step towards improving on-orbit calibration quality for the operational geostationary 
sensors. MODIS on-orbit SD degradation tracking capability has been added to OLI, the 
solar reflective sensor of LDCM, developed to extend the existing Landsat missions. In 
addition to sensor design and selection of its on-board calibration capabihty, MODIS 
RSB calibration activities, methodologies, and results have been extensively used and 
referenced to address the need for fiitme sensors with significant improvements in the 
solar reflective spectral regions. The Climate Absolute Radiance and Refractivity 
Obseivatory (CLARREO) mission is such an example. It is reconmiended in the NRC 
Decadal Suivey as a key component for the fiitme climate observing system, witli shared 
responsibility by both NASA and NOAA. It is currently in the early plan and design 
phase, aimed at producuig highly accurate and spectrally resolved on-orbit SI traceable 
benchmark measiu'ements for climate studies. 


6. CONCLUSIONS 

Excluding a few small data gaps due to spacecraft and sensor operational anomalies. 
Aqua MODIS has been making continuous global observations for more than six years 
since its nadir apertiue door opened on Jmie 24, 2002 (sensor “fust light”). Dedicated 
effort by the MODIS Science Team and Characterization Support Team (MST and 
MCST) has greatly contributed to the mission’s success. Excluding noisy or inoperable 
detectors (nearly all in band 6) identified pre-launch and shortly after lamich, all RSB 
detectors have excellent short-teim stability, meeting noise characterization and design 
requirements. The changes in sensor responses, typically larger in the VIS spectral 
region, are constantly morritored and corrected irr the calibration algorithm. In general, 
the changes in Aqua MODIS RSB, as well as the SD degradation, are relatively small 
compared to its predecessor, Terra MODIS. In addition. Aqua MODIS has a much 
smaller electronic crosstalk in its SWIR bands and shows a much smaller mirror side 
difference in sensor responses for all spectral bauds. Consequently, Aqua MODIS has 
demonstrated an overall better performance than Terra MODIS. To tliis date. Aqua 
MODIS continues to operate normally and produce liigh quality measurements of 
radiances and reflectance factors needed as input for many science data products. Lessons 
learned from MODIS operation, calibration, algoridim design, and performance have 
provided useftil references for future earth observing sensors. 
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Table 1 MODIS Reflective Solar Band Specifications 


Baud 

CW 

BW 

IFOV 

FPA 

Ltyp 

Lmax 

SNR 

1 

0.645 

50 




685 

128 

2 

0.858 

35 



^^9 

285 

201 

3 




VIS 

35.3 

593 

243 

4 


20 

0.5 

VIS 

29.0 

518 

228 

5 


20 

0.5 

SMIR 

5.4 

no 

74 

6 

1.640 

24 

0.5 

SMIR 

7.3 

70 

275 

7 


50 

0.5 

SMIR 

1.0 

22 

no 

8 

0.412 

15 

1.0 

VIS 

44.9 

175 

880 

9 

0.443 

10 

1.0 

VIS 

41.9 

133 

838 

10 

0.488 

10 

1.0 

VIS 

32.1 

101 

802 

11 

0.531 

10 

1.0 

VIS 

27.9 

82 

754 

12 

0.551 

10 

1.0 

VIS 

21.0 

64 

750 

13 

0.667 

10 

1.0 

NIR 

9.5 

32 

910 

14 

0.678 

10 

1.0 

NIR 

8.7 

31 

1087 

15 

0.748 

10 

1.0 

NIR 

10.2 

26 

586 

16 

0.869 

15 

1.0 

NIR 

6.2 

16 

516 

17 

0.905 

30 

1.0 

NIR 

10.0 

185 

167 

18 

0.936 

10 

1.0 

NIR 

3.6 

256 

57 

19 

0.940 

50 

1.0 

NIR 

15.0 

189 

250 

26 

1.375 

30 

1.0 

SMIR 

6.0 

90 

150 


CW: Center Wavelengths in ^m; BW; Baudwidths in nm; 


IFOV: Instantaneous Field of View (nadir) in km; FPA; Focal Plane Assembly; 

Ltyp/Lmax: Typical/Maximum Radiance in W/m^/pm/sr: SNR: Signal to Noise Ratio. 


Table 2 Center Wavelengths of SDSM Detectors and Matching MODIS 
Spectral Bands 


SDSM Detectors 

CW 

MODIS Bauds 

CW 

D1 

0.412 

8 

0.412 

D2 

0.466 

3 

0.469 

D3 

0.530 

11 

0.531 

D4 

0.554 

4 

0.555 

D5 

0.646 

1 

0.645 

D6 

0.747 

15 

0.748 

D7 

0.857 

2 

0.858 

D8 

0.904 

17 

0.905 

D9 

0.936 

18 

0.936 


CW: Center Wavelengths in pm 
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Table 3 Number of MODIS RSB Calibration Activities 


Calibration Activity 

2002 

2003 

2004 

2005 

2006 

2007 

2008 

SD/SDSM 

27 

39 

27 

26 

17 

18 

16 

Lunar Observations 

5 

9 

10 

9 

9 

7 

9 

NTDM collects 

3 

1 

2 

2 

2 

2 

2 


Table 4 Aqua MODIS Key Operational Configurations and Events 


Date 

June 07. 2002 (2002158) 

June 24. 2002 (2002175) 

June 27. 2002 (2002178) 

July 01. 2002 (2002182) 

July 02, 2002 (2002183) 

July 29. 2002 (2002210) 

Aug. 05. 2002 (2002217) 

Aug. 06. 2002 (2002218) 

Aug. 09. 2002 (2002221) 

Sept. 12. 2002 (2002255) 

Sept. 12. 2002 (2002255) 

Dec. 02. 2007 (2007336) 


Description 

Sensor switched to science mode using B-side electronics 
Opening of nadir apertiue door (“First light”) 

Spacecraft CTC swap (sensor retiuned to safe mode) 

Opening of nadir apertiue door 

Sensor switched back to science mode 

Spacecraft entered safe mode (sensor returned to safe mode) 

Opening of nadir apertiue door 

Sensor switched back to science mode 

A couunand drop (SD door left open for 5 days) 

Spacecraft entered safe mode (sensor returned to safe mode) 

Sensor switched back to science mode 

Spacecraft solid state recorder anomaly. SW fix inplemented 


Table 5 Reflective Solar Bands Signal-to-Noise Ratio 
(Normalized to Specifications List in Table 1) 


Band 

2002 

2003 

2004 

2005 

2007 

2008 

1 

1.55 

1.52 

1.54 

1.55 

1.56 

1.57 

2 

2.54 

2.51 

2.54 

2.56 

2.58 

2.64 

3 

1.32 

1.30 

1.29 

1.28 

1.27 

1.24 

4 

1.42 

1.40 

1.41 

1.41 

1.41 

1.41 

5 

2.05 

2.04 

2.04 

2.02 

2.00 

2.00 

6 

1.66 

1.67 

1.61 

1.66 

1.75 

1.73 

7 

1.40 

1.40 

1.40 

1.41 

1.41 

1.41 

8 

1.27 

1.25 

1.23 

1.19 

1.14 

1.06 

9 

1.84 

1.81 

1.79 

1.76 

1.74 

1.68 

10 

1.95 

1.92 

1.90 

1.89 

1.88 

1.86 

11 

2.29 

2.26 

2.27 

2.26 

2.27 

2.27 

12 

2.03 

2.03 

2.02 

2.01 

2.02 

2.02 

13 

1.58 

1.58 

1.61 

1.62 

1.63 

1.62 

14 

1.45 

1.43 

1.44 

1.44 

1.44 

1.44 

15 

2.68 

2.63 

2.67 

2.66 

2.75 

2.76 

16 

2.79 

2.80 

2.81 

2.81 

2.84 

2.85 

17 

2.20 

2.21 

2.21 

2.19 

2.21 

2.21 

18 

1.60 

1.59 

1.60 

1.59 

1.60 

1.61 

19 

2.03 

2.04 

2.04 

2.04 

2.04 

2.04 

26 

1.85 

1.85 

1.87 

1.86 

1.89 

1.89 
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Figure Captions 


Figure 1. 
Figure 2. 

Figure 3. 

Figure 4. 
Figuie 5. 

Figuie 6. 

Figure 7. 
Figure 8. 
Figme 9. 

Figiue 10, 

Figme 1 1 . 

Figure 12. 


MODIS scan cavity and on-board calibrators 

Aqua MODIS instrument, VIS, and NIR FPA scan-by-scan temperatures 
over a 2-hour period: (a) from 2002271.0000-20028271.0155; (b) from 
2008271.0000- 2008271.0155 

Aqua MODIS instrument, VIS, and NIR FPA temperatures: (a) granule 
averaged over a 3-day period from 2008016.0000-2008019.2355; (b) daily 
averaged long-tenn trend from launch to December 2008 

Solar diffuser on-orbit degradation: (a) degradation as a function of time and 
(b) yearly accumulated degradation as a function of wavelengths 

Band 10 calibration coefficients (mj) on a scan-by-scan basis (detector 4-6, 
minor side 1) with data from SD calibration event on 2003104 (SDS in 
place) 

Band 1 1 calibration coefficients (fiij) on a scan-by-scan basis (detector 4-6, 
minor side 1) with data from SD calibration event on 2003104 (SDS in 
place) 

Band 18 calibration coefficients (ni;) on a scan-by-scan basis (detector 4-6, 
minor side 1) with data from SD calibration event on 2003104 (no SDS) 

Band 19 calibration coefficients (w;) on a scan-by-scan basis (detector 4-6, 
minor side 1) with data from SD calibration event on 2003104 (no SDS) 

Long-term band averaged response (1/mi) O eiiding of Aqua MODIS VIS 
spectral bands from SD observations: (a) response from minor side I ; (b) 
ratio of minor side 1 to minor side 2 response 

Long-term band averaged response (1/nii) tiending of Aqua MODIS NIR 
spectral bands from SD observations: (a) response from minor side 1; (b) 
ratio of minor side 2 to minor side 1 response 

Long-term band averaged response (1/rnj) tiending of Aqua MODIS SWIR 
spectral bands from SD observations: (a) response from minor side 1; (b) 
ratio of minor side 2 to minor side 1 response 

Long-term band averaged response (1/mj) tiending of Aqua MODIS VIS 
spectral bauds from lunai' obseivations: (a) response from min or side 1; (b) 
ratio of minor side 2 to minor side 1 response 
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